Abstract -Capsule endoscopy is a new technique that allows complete exploration of the small intestine, and widely used all over the world, for its convenience and less pains compared with traditional endoscopy. However, the limited power supplies of batteries handicap the development of capsule endoscopy. This paper presents a novel wireless power transfer system for the capsule endoscopy utilizing the strongly coupled magnetic resonances theory. The wireless power transfer system consists of four coils, an excitation source and a load. In order to evaluate the system performance, experiments were carried out in which the working frequency is determined at 8.2MHz. The results demonstrate that the distance between two sets of transmission coils have great effect on the system efficiency and the maximal system efficiency can reach 26.14%. Therefore, this power supply system has a promising prospect on wireless power transfer for capsule endoscopy. Improving the quality factor of coils can effectively increase the efficiency of the system, which is the key to the future work.
I. INTRODUCTION
Currently, researches on the capsule endoscopy have made considerable progress, and already been put to clinical application. It enables the inspection the small intestine by means of gathering and transmitting high-fidelity images along its travel in real time, facilitating doctors' diagnoses. However, as for the power supply of the capsule endoscopy, batteries are almost the only choice [1] - [2] . With the development of micro-robotics, active capsule endoscopy leads a new direction, which consumes a lot more energy. The limited battery power, to a large extent, handicaps the development of the capsule endoscopies.
The wireless power transfer technology, transmitting power through a non-contact way, provides an ideal solution for the energy problem. Wireless power transfer technology includes far-field technology and near-field technology. Farfield technology uses propagating electromagnetic waves that transfer energy the same way radios transmit signals, which has been used in UHF RFID tags [3] . The drawback of this method is that there is an inverse relationship between directionality and system efficiency. Inductive coupling technology is near-field technology, which is a traditional and well-known method of wireless power transfer. The source drives a primary coil, creating a sinusoidally varying magnetic field, which induces a voltage across the terminals of a secondary coil, and thus transfers power to a load. However, the transmission distances of this technology is about a centimeter, which has limited applications [4] . In this paper, we follow the newly proposed strongly coupled magnetic resonances theory by Massachusetts Institute of Technology (MIT) researchers in 2007 [5] . The team led by Marin Solijacic was able to light a 60W light bulb from a power source seven feet (more than 2m) away, and the concept is named as "WiTricity".
Nowadays, almost all the wireless power transfer systems for capsule endoscopy were built on the classical electromagnetic induction theory. The biggest weakness of them is the low efficiency, which is approximately 1%-2% [6] . Inductive coupling technology needs to operate at distances less than a wavelength of the signal being transmitted. Compared with the electromagnetic induction theory, the strongly coupled magnetic resonance theory has much higher efficiency and stability. The Marin Solijacic's team has shown that when resonance is used on both the primary and secondary, power can be transferred with very little radiated loss and with 40%-50% of the source power delivered to the load. In 2009, Cannon has demonstrated that magnetic resonant coupling can be used to deliver power from a large source coil to one or many small load coils with lumped capacitors and provided a simple means to match the resonant frequency of the coils [7] . Therefore, utilizing this theory to the wireless power transfer for capsule endoscopy is feasible, and the efficiency of the system will be greatly improved. In order to realize the system working for capsule endoscopy, the size of the received coils must be limited. Meanwhile, the system efficiency must be kept in relatively high efficiency.
Section II introduces the principle of strongly coupled magnetic resonance theory. Section III presents the structure of the wireless power transfer system and the parameters determination. Section IV provides the performance evaluation method for the system. Section V states the experiments and results. In section VI, we will give a conclusion and the future work.
II. PRINCIPLE OF STRONGLY COUPLED MAGNETIC RESONANCE THEORY
The efficient power transfer occurs in particular regions of the parameter space describing resonant objects strongly coupled to one another. The two objects, denoted by source and device, are driven externally at a constant frequency, and they have a coupling coefficient. Solijacic's team finds that the system works best when the source and the device are resonant, in which case the efficiency is written as,
where κ is the coupling coefficient between source and device, and Γ is the intrinsic decay rate(e.g., due to absorption and radiated losses). The source is identified by the subscript S and the device is D. The subscript W means the system load.
The maximizing efficiency can be obtained when
The key for the wireless power transfer system is to satisfy this condition,
this is the strong coupling regime which serves as the theory for our system.
III. CONSTRUCTION OF WIRELESS POWER TRANSFER SYSTEM
This paper shows the wireless power transfer system which was built according to "WiTricity", wireless power transfer theory. As shown in Figure. 1, the system consists of four coils: two large coils for energy emission, and two small coils for energy receiving. They are named after A, S, D and L coil. The excitation of the system is provided by the signal generator, which is connected to A coil, and the transmitter is composed of the signal generator, A and S coil. The receiver is composed by D and L coil, and a light-emitting diode connected to L coil. Thus, we can observe the light-emitting diode with our naked eye to know whether the power transfer successfully occurs. 
A. Coil Parameters Determination
Since S and D coils are the core of the wireless power transfer system, the coil parameters are of crucial importance. Firstly, the coil parameters have great influence on the frequency, and should be properly determined to keep them in the same frequency when the system is workings. Secondly, the quality factor affects the power loss of coils themselves, and should be considered. Obviously, improving the quality factor of the coil is an effective way to improve the system transfer efficiency, which is very important point in our work. Finally, since this wireless power transfer system serves for the capsule endoscope, the size of D coil is strict limited, which brings in much more difficulties for the coil design.
1
) The quality factor of inductor coil
The quality factor Q is first defined as: at a given frequency, each cycle, 2ʌ times the ratio of the maximum energy the coil stored and total loss energy. In some research, the coil Q is even defined as the ratio of the reactive power and the active power. For any coil, when it is working in the storage status, the coil inevitably consumes energy. Thus, the coil is equivalent to a pure inductor L and a pure resistance R in series. When the sinusoidal current goes through the coil, the instantaneous current is expressed by, cos( )
Thus, the maximum energy stored in the inductor in each cycle is written as,
The energy consumption of the resistance in each cycle is According to the definition, Q is written as,,
We can see that, the greater Q is, the less energy loss occurs, the better performance the coil exhibits, and the more energy the coil stores. Q value can be improved from a different point of view. For wireless power transfer system, since there are no limitations with the size of A and S coil, requirements for their Q values can be easily met. But dimensions of receiving coils are limited in the capsule endoscopy, which has a great influence on the coils' Q. Improving the receiving coils' Q values is an important way to improve the transfer efficiency of the system.
2) Methods to improve the values of Q
To improve Q, we should consider the following two aspects: a) Selecting the coils of wire according to the operating frequency;
When working in a low frequency, enameled wire or insulated wire was commonly used to wind coils. When the frequency rises higher than the tens of thousands of Hz, while lower than 2MHz, we multi-strand insulated wire should be used to wind coils. This can effectively increase the surface area of the conductor, which can overcome the influence of skin effect, and the Q value is 30%-50% higher than that of the single wire coil with the same cross-sectional area. If the frequency rises further higher than 2MHz, the induction coil should be wound with a single thick wire, and the diameter of the wire is usually selected to be 0.3mm-1.5mm. Using the multi-strand wires is not a good choice, because the multistrand insulated wire at high frequency will cause additional dielectric loss. We use silver-plated copper wire to increase the surface conductivity of the conductor.
The frequency of our wireless power transfer system is above 2MHz, so the single thick wires are utilized. D coil and L coil are wound using 0.9mm copper enameled wires, while A coil and S coil are wound by using copper wires. b) Choosing the right size of the coils to reduce the power loss Taking into account the size of the capsule endoscope and other factors, the size of the coils is listed in Table I . In addition, the high quality coil skeleton, reasonable shield, and magnetic core can effectively improve the quality factor of coil. But limited by the capsule endoscopy application background, we use the hollow single coils.
B. Frequency Determination
For wireless power transfer system, we keep S coil and D coil in the same frequency. According to the following formula, the resonant frequency of the wireless power transfer system can be determined. 1
We connect the capacitors to S coil and D coil, making their frequency identical. However, the external capacitor will affect the quality factor of coil. The Q value of D coil is sensitive, so we should first determine the frequency of D coil though experiments. We found that the amplitude of D coil's induced voltage widely varies connecting different external capacitors. By comparison, we choose capacitors 331(330pF). Then the amplitude of induced voltage on D coil reaches the maximum value, and realizes the best match. Through experiment, we determine the frequency of the coil D in 8.2MHz. Then, we connect an adjustable external capacitor to S coil, and adjust the capacitor in order to set the frequency of S coil in 8.2MHz and keep the two coils in the same frequency. According to strongly coupled magnetic resonances theory, S coil and D coil are in the coupled mechanism at this moment, and wireless power transfer efficiency reaches to the maximum.
C. Wireless Power Transfer System in Frequency of 8.2MHz
Fig .2 shows wireless energy transmission system in frequency of 8.2MHz. The system driven by the signal generator, via wireless power transfer, lights the light-emitting diode, which is connected to L coil.
The signal generator generates the 8.2MHz sinusoidal signal in the A coil, which is the system power source. On the top of A coil, S coil is connected with the adjustable capacitor. We adjust the capacitor to keep the S coil's frequency in 8.2MHz. The receiver is composed of two coils, D coil and L coil, which are put in the transmitting coils. The value of the capacitor which is connected to D coil is 330pF. The induced voltage reaches max when we choose the 330pF capacitor. With this capacitor, the D coil's frequency is changed to 8.2MHz. So S coil and D coil are kept in the same frequency. The final load is the light-emitting diode, which is lighting. 
IV. SYSTEM PERFORMANCE EVALUATION
Efficiency of the wireless power transfer system is an important parameter to evaluate the system performance. By measuring transmission power and received power, we can effectively calculate the system efficiency. Based on the experiments and calculations, we can evaluate the system performance objectively and effectively.
A. The measurement of transmission power
Measurement scheme is as follows: firstly, we connect 1ȍ resistor to junction in series where is the signal generator and the coil joint; secondly, we measure the resistor's voltage using an oscilloscope, and calculate the series circuit current; thirdly, we measure the voltage of the signal generator, and then calculate the voltage of the coil; finally, we calculate the transmission power with this formula, 1 cos 2
B. The measurement of received power
Measurement scheme is as follows: firstly, we use 100ȍ load resistor connected to L coil, and measure the resistor's voltage with the oscilloscope; secondly, because resistors are linear components, we calculate the power using the formula,
where, U is the rms voltage C. The system efficiency The system efficiency is determined by 100
V. EXPERIMENTS AND RESULTS
A. Experimental Scheme
In the experiments, A coil is fixed on the experiment table, and the distance between S coil and A coil is 3cm. D coil and L coil, which are fixed together by using adhesive tape, are placed at different locations and heights to measure in the transmission coil. Through measuring the voltage on the loading resistor, we can calculate the received power and find the distribution regularity of power. As shown in Fig.3 , we select a total number of 25 measure points, at the location of 0cm, 3cm, 6cm, 9cm and 12cm, and the height of 0cm, 1cm, 2cm, 3cm and 4cm. 
B. Results
The system transmission power is set to be 184mW. The received power(mW) and efficiency(%) of the system are shown in Table II .
From Table II , we can see that the maximum efficiency can reach up to 21.68% and the minimum is above 7.5%, which does better than traditional wireless power transfer system. In this moment, the receiver is at the same height with S coil. In the experiments, we also found that the distance between two transmission coils has an effect on the system efficiency. There is a special location of which the distance can be named "focal length". At this place, the performance of the system is better than other distance. 
VI. CONCLUSION
In this paper, we construct a wireless power transfer system for the capsule endoscopy using the strongly coupled magnetic resonances theory. The coil parameters and frequency determination are detailed. Experiments are carried out to evaluate the system performance, in which the criteria is the efficiency defined by the ratio of received power and transmission power. We also find the distance between the transmission coils has a great affect on the system efficiency. For the future work, we will optimize the distance through the experiments and improve the system efficiency. 
